Free radicals, referred to as oxidants are molecules in the body with unpaired electrons, hence are unstable and ready to bond with other molecules with unpaired electrons. They include Reactive Oxygen Species (ROS) such as superoxide anion radicals (·O¯), hydrogen peroxide (H 2 0 2 ), and hydroxyl free radicals (·OH). Endogenous sources of ROS include metabolic and other organic processes, while exogenous sources include ultraviolet radiation and environmental toxins such as smoke. Antioxidants (oxidant scavengers) such as ascorbate, alpha-tocopherol and glutathione as well as various enzymatic compounds such as superoxide dismutase (SOD), catalase and glutathione reductase are also present in the body and in many foods or food supplements. An imbalance between oxidants and antioxidants in favour of oxidants is termed oxidative stress and can lead to cell or tissue damage and aging. Oxidative stress has been implicated in the pathogenesis of many serious systemic diseases such as diabetes, cancer and neurological disorders. Also, laboratory and epidemiological studies have implicated oxidative stress in the pathogenesis of the majority of common serious eye diseases such as cataract, primary open angle glaucoma and age-related macular degeneration. In this article, we reviewed the current information on the roles of oxidative stress in the pathogenesis of various eye diseases and the probable roles of antioxidants. Eye care practitioners will find this article useful as it provides information on the pathogenesis of common eye diseases. (S Afr Optom 2011 70(4) [182][183][184][185][186][187][188][189][190] 
Introduction
Free radicals (oxidants) have been associated with various eye and systemic diseases as well as ageing processes. They are scavenged by antioxidants, therefore reducing or preventing their destructive activities in the body. An imbalance between oxidants and antioxidants in favour of oxidants (oxidative stress) causes cell death and tissue damage and may potentiate ageing process. The roles of oxidants, antioxidants and oxidative stress in the pathogenesis of eye diseases are discussed below.
Free radicals (Oxidants)
Generally, chemical bonds split in a way that does not leave a molecule with an odd unpaired electron, but when weak bonds split, free radicals are formed 1 . Free radicals are chemical species that have odd number of electrons, hence are very unstable and react quickly with other molecules, trying to capture the needed electron to gain stability 1 . When the attacked molecule losses its electron, it becomes a free radical itself, and a chain of reaction ensues which may eventually result in the disruption of a living cell 1, 2 One widely held hypothesis for the damaging effects of free radicals is the 'free radical theory' of aging, which states that the generation of free oxygen radicals inside cells accelerates aging process through random and sequential damage to cell components 3 .
Free radicals referred to as reactive oxygen species (ROS) encompass a variety of diverse chemical species such as superoxide anions (·O¯), hydroxyl radicals (·OH) and hydrogen peroxide (H 2 0 2 ). A major part of ROS originates as by-products of anaerobic metabolism in the mitochondria 2 . These endogenous components include mitochondrial peroxisomes, lipoxygenases and NADPH oxidate. Exogenous sources of ROS include ultraviolet light, ionizing radiations, chemotherapeutics, inflammatory cytokines, environmental toxins and growth factors 2, 4-6 . Living in an oxygenated environment has required the evolution of effective cellular strategies to detect and detoxify metabolites of ROS 4 . The free radical theory proposes that ageing is the cumulative result of oxidative damage to the cells and tissues of the body that arises primarily as a result of aerobic metabolism 5 . The theory may also be used to explain many of the structural features that develop with ageing including the lipid peroxidation of the membranes, formation of age pigments, cross linkages of proteins, DNA damage and decline of mitochondrial function 5 . Free radicals inflict damage to the mitochondria 7 and have been implicated in the pathogenesis of serious systemic diseases such as Alzheimer's, diabetes and Parkinson's disease 2, 8 .
Antioxidants
Antioxidants are molecules which scavenge free radicals and prevent the tissue damage caused by them 9 . The threat of oxidative stress to the organism is so great that an array of antioxidant defenses and repair systems which detoxify oxidants such as superoxide radicals, hydrogen peroxide and lipid hydroperoxides have evolved in the cell. These help to protect it from free radical destruction and to maintain physiological homeostasis 4-6 . These antioxidant defense systems are present in the body to counteract the effects of oxidants. They include non-enzymatic, low molecular weight compounds such as ferritin, ascorbate and alpha tocopherol as well as various enzymatic compounds such as catalase, glucose-6-phosphate, glutathione peroxidase and superoxide dismutase (SOD) 10 . The use of antioxidant agents holds significant therapeutic promise for many neurodegenerative processes [11] [12] [13] [14] . Plants supply a range of antioxidants such as ascorbate and alpha-tocopherol to humans which help protect the body against free radical damage 15 .
Oxidative stress
In the context of oxidative stress, free radicals are small molecules or ions that are reactive with small activation energies and have short life time 2 . They are subsets of oxygen or nitrogen species produced during intracellular aerobic metabolism or immune activity. However, there are environmental sources such as pollution, smoke and sunlight 2, 6 . Oxidative stress is defined as an imbalance between oxidants and antioxidants in favour of the oxidants, potentially leading to tissue damage 2, 14-17 . A rise in the intracellular oxidant levels in the body has two potentially important effects: damage to various cell components and activation of specific signaling pathways, both of which can influence numerous cellular processes linked to ageing and the development of age-related diseases 4 . Oxidative stress can damage lipids, proteins, enzymes, carbohydrates and DNA in cells and tissues and can lead to cell death induced by RNA or DNA fragmentation and lipid peroxidation 18 . In humans, several diseases including those connected to the heart, lungs and eyes are associated with these free radicals 6 . The consequences of oxidative stress are the molecular basis in the development of several diseases such as cancer, neurodegenerative disorders, cardiovascular diseases, diabetes and autoimmune disorders 9, [19] [20] [21] .
Oxidative stress in ocular conditions
Oxidative stress has been implicated in the pathogenesis of several eye conditions such as corneal disease, cataract, macular degeneration, diabetic retinopathy and retinitis pigmentosa [22] [23] [24] [25] [26] [27] .
Corneal and conjunctival diseases
Lodovici et al 23 measured 8-hydroxy-2'-deoxyguanosine (8-OHdG) levels, a marker of oxidative DNA damage in corneal rabbit-derived cells exposed to UV-B. The levels of 8-OHdG increased significantly (p<0.01) following irradiation. Also, the levels of superoxide dismutase (SOD) activities in the cells S Afr Optom 2011 70(4) [191] [192] [193] [194] [195] [196] [197] [198] [199] OA Oduntan and KP Mashige -A review of the role of oxidative stress in the pathogenesis of eye diseases decreased. These suggest that UVB elicited oxidative DNA damage in the corneal cells. Cataract ROS and oxidative stress are involved in many ocular diseases including cataract 26 . Contemporary hypothesis considers oxidative stress as an important factor in age-related processes in the body including senile cataract 32 . Production of ROS and reduction of endogenous antioxidants both contribute to cataract formation 24 . UV-induced oxidation damage seems to play a major role in a number of specific pathological conditions of intraocular tissues such as cataract and retinal degeneration 25 . The crystalline lens is constantly subjected to oxidative stress from radiation and others sources 32 and this can damage the crystalline proteins, lipids, polysaccharides and nucleic acids 32 . However, it has several mechanisms to protect its components from oxidative stress and to maintain its redox state. These include enzymatic pathways and high concentration of ascorbate and reduced glutathione 33 . However, with ageing, accumulation of oxidized lens components and decreased efficiency of repair mechanisms can contribute to the development of cataract 33 . Chronic UV-induced ROS formation is believed to be responsible for various degenerative diseases in the eye including cataract formation 34 . According to Berthoud and Beyer 33 , oxidative stress-induced damage to lens gap junctions and consequent altered intercellular communication may contribute to cataract formation.
Lipid peroxidation (LPO) has been proposed as a causative factor of cataract 22 . The authors 22 found increased concentration of primary molecular LPO products (diene conjugates and lipid peroxides) and end fluorescent LPO products in the lipid moieties of the aqueous humour of patients with senile cataracts compared to those without the condition. Sawada et al 35 found a significant increase in superoxide dimutase activity and protein level in nuclear cataracts, suggesting the involvement of oxidative stress. Several other current studies 24, 36-41 have associated oxidative stress with the formation of cataracts.
Glaucoma
There is an increasing body of evidence suggesting that ROS play a key role in the pathogenesis of primary open angle glaucoma (POAG) 42 . Izzotti et al 42 found that oxidative DNA damage was significantly increased in the trabecular meshwork (TM) of glaucomatous patients compared to controls. The authors 42 reported that oxidative stress occurs, not only in the meshwork but also in retinal cells and appears to be involved in the neuronal death affecting the optic nerve in POAG. According to Saccà and Izzotti 43 , the perturbation of the oxidants versus antioxidant balance can lead to increased oxidative damage, especially when the first line of antioxidant defense weakens with age. Oxidative stress can cause chronic changes in the aqueous and vitreous humour, which may induce alterations in the trabecular meshwork and the optic nerve head that are seen in glaucoma 43 .
Zanon-Moreno et al 44 found that glaucomatous eyes had a significant increase in oxidative status and decreased antioxidant activity in the aqueous humor compared with the cataract eyes and concluded that oxidative stress may play a pathogenic role in POAG. Fernandez-Durango et al 45 found an increase in the expression and enzymatic activity of nitric oxide synthase (NOS) isoenzymes and nitrotyrosine in the TM of patients with POAG. The increase correlated with visual field defects; hence the authors concluded that the increased level of nitrotyrosine may serve as a maker of oxidative stress in the progression of cell death of the TM in patients with POAG 45 . According to Izzotti et al 42 the pathogenic role of ROS in POAG has implications for the prevention of the disease as indicated by the growing number of studies using genetic analyses to identify susceptible individuals and of clinical trials testing the efficacy of antioxidant drugs for POAG management.
Macular degeneration (AMD)
Age-related macular degeneration is a leading cause of blindness in the developed countries 46 . The retinal is highly susceptible to photochemical damage from the continuous exposure to UV, but the relationship between UV light exposure and AMD is unclear, although short wavelength radiation and blue light induce significant oxidative stress to the retinal pigment epithelium 46 . There are several reports that have associated oxidative stress with the cellular damage caused by ROS in the pathogenesis of AMD 47 . The retina is particularly susceptible to oxidative stress because of its high oxygen consumption, its high proportion of polyunsaturated fatty acids and its exposure to visible light 48 . Klein et al 49 found that cataract was associated with incidence of early AMD, soft indistinct drusen, increased retinal pigmentation and progression of AMD. As cataract has been associated with oxidative stress, its association with AMD may signal the same etiology. Several risk factors for AMD such as genetics, age, exposure to sunlight and smoking have been reported 46 . In a review by Ambati et al 50 it was found that photo-oxidative damage to the retina, mediated by ROS were implicated in the development of AMD.
ROS including other free radicals have been implicated in the apoptotic cell death and the development of pathological changes in AMD 50-53 . Janick-Papis et al 54 stressed that oxidative stress is a major factor in the pathogenesis of AMD. Retinal pigment epithelium cells are prone to ROS arising from intense oxygen metabolism. Also, the cells can be exposed to ROS as a consequence of accumulation of iron ions in the cells, sunlight exposure and tobacco smoke 54 . The macular pigment formed by two dihydroxycarotenoids, lutein and zeaxanthin is a natural barrier protecting the macula against oxidative stress 55 . However, retinal factors such as intense oxygen metabolism, exposure to ultraviolet radiation, high concentration of polyunsaturated fatty acids and presence of photosensitizers may increase the production of ROS 55 .
There is experimental evidence in support of oxidative damage to the retinal pigment epithelium and the choriocapillaries that is both light and oxygendependent, however, the precise linkage between oxygen-induced events and the progression of AMD remains unclear [56] [57] . It is considered that ROS including free radicals are responsible for apoptotic cell death and the development of pathological changes in AMD 57 . Research findings have demonstrated that a diet poor in antioxidant micronutrients (vitamin C, E, carotenoids, zinc) and low plasma levels of antioxidants may favor the development of the AMD 54 . San Giovanni and Chew 58 have reported that omega-3 long-chain polyunsaturated fatty acids exhibit cytoprotective and cytotherapeutic actions providing antiangiogenic and neuroprotective mechanisms within the retina and this may have a protective role against ischemic-, light-, oxygen-, inflammatory-, and agerelated pathology of the vascular and neural retina. It has been reported that micronutrient supplementation enhances antioxidant defense and might prevent or retard AMD or modify the course of the disease 55 .
Retinitis pigmentosa (RP)
Retinitis pigmentosa, a heterogeneous group of inherited retinal disorders characterized by progressive photoreceptor apoptosis, is the leading cause of inherited retinal degeneration-associated blindness worldwide 59, 60 . It is a disease in which one of a variety of mutations selectively causes rod photoreceptor cell death, followed by gradual death of cone cells resulting in blindness 59 . According to Komeima et al 59 although RP is commonly considered to be genetic in origin, oxidative stress plays a role in its pathogenesis. The authors 59 found that antioxidant-treated mice showed preservation of cone function as shown by a significant increase in scotopic ERG b-wave amplitudes, temporary preservation of scotopic a-wave amplitude, prolonged rod survival and slowed depletion of rhodopsin mRNA. These suggest that oxidative damage contributes to rod and cone cell death. The authors 59 suggested that protection from oxidative damage may be a broadly applicable treatment strategy in RP. According to Usui et al 61 , following the death of the rod photoreceptors from a variety of mutations, the level of tissue oxygen in the outer retina becomes elevated and there was a progressive oxidative damage to cones that ultimately triggers apoptosis. The authors 61 further reported that NADPH oxidase (Nox) plays a critical role in generation of the oxidative stress that leads to cone cell death in RP and proposed that inhibition of Nox provides a new treatment strategy.
Diabetic retinopathy (DR)
Diabetes has been implicated in the increased oxidative stress which is thought to play an important role in the pathogenesis of various diabetic complications [19] [20] [21] 62 , however, the source of the hyperglycemia-induced oxidative stress is not clear 19 . Yue et al 63 investigated the correlation between redox status and oxidative stress in the eyes, aorta and kidneys of streptozotocin (STZ)-induced diabetic rats. The primary endogenous antioxidants, glutathione (GSH) and malondialdehyde (MDA) (markers of oxidative stress) in those tissues were measured after streptozotocin (STZ) injection at different times and it was observed that oxidative stress occurred in the eyes and aorta, but not the kidneys of diabetic rats. It was found that ROS generation and lipid peroxidation may play a vital role in the development of diabetic complications in the eyes and aorta and that the administration of vitamin E may prevent ROS-induced lipid peroxidation and thereby limit the development of diabetic complications in the aorta and eyes 63 . Possible sources of oxidative stress and damage to proteins in diabetes include free radicals generated by auto-oxidation reactions of sugars and sugar adducts to proteins 64 . The oxidative stress may be amplified by a continuing cycle of metabolic stress, tissue damage and cell death, leading to increased free radical production and compromised free radical inhibitory and scavenger systems, which further exacerbate the oxidative stress 64 .
Autoimmune uveitis (AIU)
Autoimmune and inflammatory uveitis are a group of potentially blinding diseases that arise without a known infectious trigger and are often associated with immunological responses to unique retinal proteins 65 . Experimental studies have implicated free radicals in the pathogenesis of this eye condition [65] [66] suggesting that free radicals and oxidative stress play a role in the pathogenesis of the disease. Photoreceptor mitochondrial oxidative stress has been considered to be the initial pathological event in experimental autoimmune uveitis 67 . Determination of alterations in retinal mitochondrial levels in response to oxidative stress during the early phase of experimental autoimmune uveitis showed the presence of mitochondrial-specific oxidative stress-related proteins in the retina along with down regulation of ATP synthase; providing evidence of stress related retinal damage 67 .
Pseudoexofoliation syndrome (PEX)
Pseudoexfoliation syndrome is a common agerelated fibrillopathy of unknown cause, recognized by chronic deposition of abnormal pseudoexfoliation material on the anterior segment structures of the eye 68 . Oxidative stress has been implicated in the development of this condition. Gartaganis et al 69 investigated the oxidative status in lens epithelial cells of patients with PEX syndrome and found a decrease in the levels of glutathione (GSH) and glutathione disulphide (GSSG) compared with non-PEX lens epithelial cells, as well as increase in lipid peroxidation product malondialdehyde (MDA) levels. The increased MDA and decreased GSH levels indicate high oxidative stress. Also, GSSG usually increases in cases of high-oxidative stress, although this is not always the case as it may not always accumulate in cells 69 . The authors 69 concluded that their findings suggest a role for oxidative stress in the pathogenesis and progression of PEX syndrome.
Preventive measures
Epidemiological and laboratory evidence exists in support of roles for nutritional antioxidants in delaying the onset or prevention of age-related vision disorders. Following a review of nutrition and prevention of cataract, Fernandez and Afshari 41 indicated that basic research has demonstrated a protective effect of antioxidant on lens tissue and supplementation with vitamin C and lutein/zeaxanthin has been associated with a decreased risk of cataract formation in multiple observational studies. Mares 70 reported that supplementation with high-dose antioxidants lowered the progression of lens opacities; also empirical observational evidence suggests that the use of supplements is associated with lower risk for cataract. In view of these proposed nutritional benefits, it is important that health care professionals advise their patients on diet that may enhance their ocular health or advise them to consult appropriate professionals who may offer appropriate diet regimen.
Important risk factors in the development of AMD include obesity, smoking and inadequate antioxidant status. Cigarette smoke is operationally divided into gas-phase smoke and particulate matter (or tar) 74, 75 . Both components are very rich sources of radicals and are highly oxidizing, putting an oxidative stress on the entire organism and on the lungs 74, 75 and has been considered to be the most important environmental risk factor for developing AMD 76 . In a study to investigate the molecular and cellular effects of cigarette smoke on human retinal pigment epithelium (RPE), Bertram et al 77 found evidence of oxidative damage to the RPE caused by cigarette smoke and concluded that cigarette smoke is a potent inducer of oxidative damage and cell death in RPE therefore contributes to AMD pathogenesis. As cigarette smoking is known to be a risk factor for oxidative stress leading to AMD 55, 76, 77 it is essential for eye care practitioners to educate their patients on the adverse effects of smoking and advise them to quit smoking. This will go a long way in reducing the visual impairment associated with smoking.
Conclusion
Laboratory and epidemiological findings indicate that oxidative stress induced by free radicals has serious implications for both systemic 8, 78-80 and ocular diseases 28, 32, 42 . It is important that optometrists and other eye care professionals are aware of the role of oxidants and oxidative stress in the pathogenesis of eye diseases so that they can educate their patients appropriately. Also, they should be conversant with the various sources of dietary and supplementary antioxidants so that they may advise their clients appropriately with regard to dietary intake and supplementation. As smoking has been recognized as an important source of free radicals and oxidative stress 55, [74] [75] [76] [77] it is also important that eye care practitioners advise their patients against smoking to reduce the burden of associated diseases. 
